Introduction
============

Detrusor underactivity (DU) is a common bladder dysfunction in clinical practice. It is characterized by reduced bladder detrusor contractility or decreased contractility duration, leading to delayed or incomplete bladder voiding ([@b1-mmr-16-02-1516]). Typical clinical manifestations of DU include urinary hesitancy and dysuria. In addition, those with DU can experience increased nocturia, increased urinary frequency and urgency, and urinary incontinence. Therefore, DU can seriously affect patient quality of life. The pathogenesis of DU involves neurogenic, muscle-genic, age-related and iatrogenic factors. However, the pathophysiologic mechanisms of DU remains to be fully elucidated ([@b2-mmr-16-02-1516]).

The interstitial cells of Cajal (ICCs) are a specific type of interstitial cell in the gastrointestinal tract; the activation of c-kit receptors on the surface of ICCs is intimately associated with their proliferation, differentiation and function ([@b3-mmr-16-02-1516]). The activation of c-kit relies on its ligand, stem cell factor (SCF) ([@b3-mmr-16-02-1516]). SCF is of neural and smooth muscle origin ([@b4-mmr-16-02-1516],[@b5-mmr-16-02-1516]), and is involved in the regulation of cell proliferation, differentiation and migration ([@b6-mmr-16-02-1516]). Therefore, SCF is important in regulating the proliferation, differentiation and function of ICCs ([@b7-mmr-16-02-1516],[@b8-mmr-16-02-1516]).

ICCs are present in multiple smooth muscle organs and are closely associated with organ dysfunction ([@b9-mmr-16-02-1516]--[@b11-mmr-16-02-1516]). It has been suggested that ICCs have a pacemaker-like function in the gastrointestinal tract ([@b12-mmr-16-02-1516]). Studies have shown that a change in SCF leads to altered ICC numbers, which contributes to gastrointestinal dysmotility ([@b9-mmr-16-02-1516],[@b10-mmr-16-02-1516],[@b13-mmr-16-02-1516]). In the urinary tract, ICCs serving as a pacemaker are found in the tissues of the renal pelvis and ureter ([@b14-mmr-16-02-1516]--[@b16-mmr-16-02-1516]). ICCs are also present in the bladder ([@b17-mmr-16-02-1516],[@b18-mmr-16-02-1516]). The association between ICCs and bladder dysfunction has been examined previously. An overactive bladder, a common bladder dysfunction, is associated with an increased number of ICCs ([@b19-mmr-16-02-1516],[@b20-mmr-16-02-1516]). However, there have been few investigations evaluating the association between an underactive bladder and ICCs, and the pathophysiological mechanisms of an underactive bladder remain to be elucidated. The present study hypothesized that DU may be associated with the SCF-mediated alterations in ICCs. Therefore, the present study aimed to examine changes in ICCs in the context of DU, and evaluate the effect of SCF on ICCs in addition to the changes in detrusor contractility.

Materials and methods
=====================

### Animals

A total of 90 female Sprague-Dawley (SD) rats (weight, 190--220 g; age, 3 months) were used in the present study. Rats were housed at \~24°C with a 12 h light/dark cycle (on 7 AM/ off 7 PM) and 35--40% humidity. Rats were given free access to food and water throughout the study. All experiments were performed at the Central Laboratory of the Third Military Medical University Affiliated Southwest Hospital (Chongqing, China). All animal experiments were approved by the animal ethics committee of the Third Military Medical University. The bladder outlet obstruction (BOO) rat model was established using the bladder outlet obstruction method ([@b21-mmr-16-02-1516]). Briefly, anesthesia was achieved by intraperitoneal injection of 3% pentobarbital sodium (30 mg/kg; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). Subsequently, a median abdominal incision was performed to expose the bladder and proximal urinary tract. A 1.1 mm diameter polyethylene pipe was inserted into the bladder transurethrally, with 1--0 thread used for urethral ligation and the degree of ligation defined by appropriate movement with the urethral catheter. The incision was sutured following catheter removal. In the sham group, the urethra was exposed but not ligated. After 8 weeks, bladder filling pressure measurements were performed using a micro perfusion pump (AVI 270; 3M Company, Saint Paul, MN, USA) and a urodynamic instrument (Nidoc 970A+; Wearnes UEST New Tech Co., Ltd., Chengdu, China), and rats with DU were observed. Animal condition was monitored by measuring animal body temperature at 8.00 a.m., 4.00 p.m., and 12.00 p.m. daily using a biological remote sensing system (TA10TA-F40 Data Sciences International, St. Paul, MN, USA). In addition, mental health and overall activity were assessed twice every day; animal weights were measured weekly. Following surgery, the rats were housed in separate cages; at 3 and 6 days post-surgery, they were housed with 3 and 5 per cage, respectively. The current protocols required that seriously ill or moribund rats (no activity and/or eating) be administered with injectable anesthetic euthanasia.

The animals were divided into control (n=18), control+SCF (n=18), DU (n=18) and DU+SCF (n=18) groups. SCF was dissolved in PBS and administered at 0.2 µg/kg/d by intraperitoneal injection. The control and DU group animals were intraperitoneally injected with equal volumes of PBS. The rats were sacrificed 2 weeks later by intraperitoneal injection of 3% pentobarbital sodium (100 mg/kg), and bladder specimens were collected for the determination of ICC number, expression levels of c-kit and SCF in the detrusor, and alterations of detrusor contractility using an *in vitro* muscle strip experiment.

No animals became ill or died in the sham-operated group. When suspected with illness, the rats were housed in single cages, which were cleaned daily. In the BOO group, one rat died on day 3, two rats died on day 42, and one rat died on day 48 post-surgery. In addition, one animal in the DU+SCF group died 5 days post-injection. The possible causes of death are described below. In the BOO group, the rat which died on day 3 post-surgery had surgical trauma-induced stress. Postoperative infection (increased body temperature) was the cause of death of one of the rats on day 42, whereas the other died of unknown causes. Postoperative kidney disease with retention, which can lead to hydronephrosis or renal failure, led to the death of the animal on day 48. In the DU+SCF group, the rat died on day 5 as a result of bladder stones.

### Assessment of ICC numbers in the detrusor using immunohistochemistry

The rats were sacrificed, and the bladder and proximal urinary tract were exposed. Proximal urinary obstruction was removed, and a polyethylene catheter was inserted. The bilateral ureters were ligated using 1--0 silk, following which the bladder was inflated by injection of 4% paraformaldehyde through the urethral catheter, which was subsequently removed prior to rapid ligation of the proximal urethra. The proximal urethra and bilateral ureter were incised, followed by bladder removal and preservation in 4% paraformaldehyde at 21°C for 30 min. The samples were then transferred to 0.1 M PBS and incubated at 21°C overnight. The bladder was longitudinally incised the following day, and lateral walls measuring 4×4 mm were harvested. The mucosal and serosal layers were carefully dissected and separated under a microscope (XTS-4A; Zhenjiang Zhongtian Optical Instrument Co., Ltd., Zhenjiang, China). The specimens were blocked in 1% bovine serum albumin (Sigma-Aldrich; Merck Millipore) at room temperature for 1 h and subsequently incubated with anti-c-kit primary antibody (1:100; cat.no. sc-1494; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 24 h at 4°C. Finally, the samples were incubated with secondary antibody (1:100; cat.no. sc-2356; Santa Cruz Biotechnology, Inc.) at room temperature for 1 h and then rinsed in 0.01 M PBS for 2 h prior to examination under a confocal microscope (LSCM, Leica TCS-NT, Germany) for determination of the expression of c-kit in the cells. The rat small intestines were used as positive controls. Five high power fields from each sample were randomly selected, and samples were collected from different groups in a blinded manner by different examiners. Cell counts of the c-kit positive cells were recorded.

### Expression of SCF in plasma determined using an enzyme-linked immunosorbent assay (ELISA)

Blood samples (2 ml) were collected from the rats prior to sacrifice. The concentrations of SCF in the plasma was determined using an ELISA kit (Abcam, Cambridge, UK) according to manufacturer\'s protocol.

### Protein levels of c-kit and SCF in detrusor using western blot analysis

The detrusor (\~25 mg) was harvested and homogenized. The homogenate was added to lysate buffer for 30 min at 4°C, and subjected to centrifugation at 12,000 g for 8 min at 4°C. The supernatants were collected, and protein concentrations determined using a NanoDrop ND-1000 (NanoDrop; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). The total protein samples (50 µg) were resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrotransferred onto nitrocellulose membranes. Following blocking with 5% skimmed milk for 2 h, the membranes were incubated with primary antibodies raised against SCF (1:200; cat.no sc-9132; Santa Cruz Biotechnology, Inc.), c-kit (1:100; cat.no. sc-1494; Santa Cruz Biotechnology, Inc.) and glyceraldehyde 3 phosphate dehydrogenase (GAPDH; 1:500; cat.no. A00191; GenScript, Piscataway, NJ, USA). The membranes were then washed with PBST three times prior to incubation with appropriate HRP-conjugated secondary antibodies (1:500; cat.nos. sc-2357 and sc-2354; Santa Cruz Biotechnology, Inc.) for 1 h at 37°C; detection was performed with Millipore Immobilon Western Chemiluminescent HRP substrate (EMD Millipore, Billerica, MD USA). Band intensities were determined using image process software (Bio-Rad Gel Doc 2000; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Determination of gene expression levels of c-kit and SCF in detrusor samples using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

The bladder tissue specimens (\~30 mg) were homogenized and lysed using Tripure lysate (Roche Diagnostics, Basel, Switzerland) for RNA preparation, according to the manufacturer\'s protocol. Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer\'s protocol. RNA quantity and integrity were assessed using spectrophotometry and gel electrophoresis, respectively. RNA (1 µg) was used as a template for cDNA synthesis using a GeneAmp RNA PCR kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. qPCR analysis was performed using Power SYBR® Green PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) on an Applied Biosystems 7900HT Fast Real-Time qPCR system. qPCR was performed in a 20 µl reaction volume, containing 2 µl cDNA, 0.6 µl primers, 10 µl 2X SYBR green and 7.4 µl RNA free H~2~O. Thermocycling conditions involved an initial denaturation step of 96°C for 5 min, followed by 40 cycles of a three-step program of 96°C for 30s, 57°C for 30s and 72°C for 30s, followed by a final extension step at 72°C for 10 min. qPCR was conducted three times for each gene of interest. The primers used were as follows: c-kit, forward 5′-TGCCGGTCGATTCCAAGTTT-3′ and reverse 5′-GCCGACGGAATTGACCCTC-3′ (target fragment 269 bp); SCF, forward 5′-CCTGCAATATGAAGCCCCAAGAC-3′ and reverse 5′-GGTGCCCTCCTGCTACTTTTAC-3′ (target fragment 166 bp); GAPDH, forward 5′-CCGCCCCTTCCGCTGATG-3′ and reverse 5′-CCGCCTGCTTCACCACCTTCTT-3′ (target fragment 432 bp). The 2^−ΔΔCq^ method was used to analyze the PCR data ([@b22-mmr-16-02-1516]), expressed as the fold change relative to the expression of GAPDH.

### Detection of detrusor contractility using in vitro assays of muscle strips

The rats underwent anesthesia, and the bladder and proximal urethra were exposed as described above. The muscle strips (7×2 mm) were prepared and stored in 5 ml Krebs\'s solution (pH 7.4) at 37°C in an atmosphere containing 5% CO~2~. The ends of the longitudinal muscle strips were placed on metal hooks with a tension sensor (Chengdu Instrument Company, Chengdu, China) connected to a biological laboratory data system (RM6240; Chengdu Instrument Company). The muscle strips were placed in an organ bath for 30 min prior to recording contractility, with an initial tension of 0.3 g. The amplitude of the contraction wave was defined as the wave height, between the base and peak. The frequency of contraction was defined as the mean contraction frequency within 5 min.

### Statistical analysis

All experiments were performed three times in total. Values are presented as the mean ± standard deviation. Differences among or between groups were assessed using one-way analysis of variance or Student\'s t-test, using SPSS 19.0 software (IBM SPSS, Armonk, NY, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### SCF improves bladder micturition contraction in rats with DU

The bladder pressure was measured *in vivo* by the micturition contraction wave during gradual bladder filling, the results of which are shown in [Fig. 1A](#f1-mmr-16-02-1516){ref-type="fig"}. Compared with the control group, the amplitude and frequency of bladder micturition contraction were significantly decreased in the DU group, as shown in [Fig. 1B and C](#f1-mmr-16-02-1516){ref-type="fig"}, respectively. The control+SCF group showed significantly higher amplitude and frequency of bladder micturition contraction, compared with the control group. Similarly, the amplitude and frequency of bladder micturition contraction were higher in the DU+SCF group, compared with the DU group.

### Exogenous administration of SCF results in increased plasma levels of SCF

The levels of SCF in plasma, as assessed using ELISA, are shown in [Fig. 2](#f2-mmr-16-02-1516){ref-type="fig"}. The plasma levels of SCF in the control+SCF group animals (529.6±28.3 ng/l) were higher, compared with the values obtained in the control group animals (396.1±20.2 ng/l; P\<0.05). Compared with the control group, the plasma levels of SCF in rats of the DU group (208.5±13.9 ng/l) were significantly decreased. However, following administration of exogenous (DU+SCF group), the plasma levels of SCF were significantly increased to 384.5±18.7 ng/l (P\<0.05), suggesting that exogenous SCF markedly improved the levels of SCF in animals with DU.

### SCF increases ICC counts in rats with DU

The ICC counts in rat detrusor specimens were determined using immunofluorescence and shown in [Fig. 3A-H](#f3-mmr-16-02-1516){ref-type="fig"}. Classical spindle-like ICCs were widely distributed in the submucosal and muscular layers. Compared with the control rats, significantly fewer ICCs were found in the submucosal and intermuscle bundles layers of the DU group, ([Fig. 3I](#f3-mmr-16-02-1516){ref-type="fig"}; P\<0.05). Upon administration of exogenous SCF (DU+SCF group), ICC counts in the rat detrusor specimens were significantly increased ([Fig. 3I](#f3-mmr-16-02-1516){ref-type="fig"}), suggesting that SCF markedly improved ICC count in the underactive detrusor. This was also reflected by increased values in the control+SCF group, compared with the control group ([Fig. 3I](#f3-mmr-16-02-1516){ref-type="fig"}).

### SCF administration results in induced expression of SCF and c-kit, at the gene and protein levels

The gene expression levels of SCF and c-kit in rat detrusor samples were detected using RT-qPCR analysis. Compared with the control group, the mRNA levels of SCF and c-kit in the DU group were significantly decreased (P\<0.05). However, administration of exogenous SCF (DU+SCF group) significantly increased the mRNA levels of SCF and c-kit ([Fig. 4](#f4-mmr-16-02-1516){ref-type="fig"}), indicating that SCF induced the gene expression of SCF and c-kit in DU. In agreement, the control+SCF group showed significantly higher mRNA levels of SCF and c-kit, compared with the control group ([Fig. 4](#f4-mmr-16-02-1516){ref-type="fig"}).

As shown in [Fig. 5](#f5-mmr-16-02-1516){ref-type="fig"}, the protein levels of SCF and c-kit in the DU group were also significantly reduced, compared with those in the control group (P\<0.05), an effect alleviated by the exogenous administration of SCF, as observed in the DU+SCF group. Similarly, the protein levels of SCF and c-kit were significantly increased in the control+SCF group, compared with the control group. These findings indicated that exogenous SCF increased the protein expression levels of SCF and c-kit in DU.

### SCF restores detrusor contractility in rats with DU

The results of the *in vitro* muscle contraction experiment are shown in [Fig. 6](#f6-mmr-16-02-1516){ref-type="fig"}. As shown in [Fig. 6A](#f6-mmr-16-02-1516){ref-type="fig"}, and quantified in [Fig. 6B and C](#f6-mmr-16-02-1516){ref-type="fig"}, the detrusor contraction amplitude and frequency were markedly decreased in the DU group, compared with those in the control group (P\<0.05). Of note, SCF administration significantly increased the amplitude and frequency of muscle contraction (P\<0.05 for DU+SCF group, vs. DU group and control+SCF, vs. control group), suggesting that exogenous SCF restored contractility in DU.

Discussion
==========

The present study revealed that partial obstruction of bladder outlet contributed to a significant change of bladder function. Obstruction for 8 weeks led to significant decreases in contraction amplitude and frequency, suggesting successful establishment of the DU model.

Several studies investigating bladder dysfunction have focused on the overactive bladder ([@b19-mmr-16-02-1516],[@b20-mmr-16-02-1516]), whereas few have investigated the underactive bladder. The pathophysiological mechanisms of underactive detrusor remain to be elucidated and have attracted increasing attention.

ICCs are interstitial cells distributed in smooth muscles in several organs; they are closely associated with multiple organ dysfunction ([@b8-mmr-16-02-1516]--[@b11-mmr-16-02-1516]). Following 6 weeks of obstruction, the bladder detrusor shows compensatory hypertrophy with markedly increased function and a significant increase in ICC cell counts ([@b23-mmr-16-02-1516]). These findings correspond with previous studies ([@b24-mmr-16-02-1516],[@b25-mmr-16-02-1516]) demonstrating that ICCs are closely associated with detrusor function.

In the present study, a BOO rat model was established, and animals with DU were assessed. As described above, ICC counts in the detrusor from rats with underactive bladders were significantly decreased, compared with those in the control rats; however, the underlying mechanisms remain to be elucidated. Previous studies have shown that decreased ICC counts are caused by ICC phenotype redifferentiation instead of death ([@b7-mmr-16-02-1516]), which may be closely associated with SCF. A study by Lin *et al* ([@b13-mmr-16-02-1516]) found a significant decrease in ICC counts in the colon of diabetic mice, which was associated with decreased levels of SCF. Theresults of the present study showed that the levels of SCF were decreased in underactive detrusor tissues and plasma samples, and the levels of c-kit in the detrusor tissues were significantly reduced, resulting in markedly reduced ICC counts and dysfunctional contraction. These findings corroborate with other reports demonstrating that SCF is involved in regulating the proliferation and differentiation of ICC, and is thus involved in regulating organ motility. Nakahara *et al* ([@b26-mmr-16-02-1516]) showed that ICCs have a dose-dependent and time-limited proliferation response to SCF. In addition, Tong *et al* ([@b27-mmr-16-02-1516]) revealed that exogenous SCF improved ICC number and function via the SCF/c-kit pathway, with a high SCF concentration having increased potency. In agreement, the results of the present study demonstrated that exogenous SCF upregulated the expression of c-kit in damaged detrusor tissues, contributing to increased ICC number and restoring contractility of the underactive detrusor.

The results of the present study indicated that exogenous SCF and c-kit were involved in regulating ICC count and function. Exogenous SCF improved the organ dysfunction caused by a reduction in ICC number, providing a novel approach for repairing the dysfunction of organs, including DU.
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![Bladder micturition contraction. (A) Results obtained from the control, control+SCF, DU, and DU+SCF groups. (B) Amplitude of bladder micturition and (C) frequency of bladder micturition contraction among the treatment groups (n=8). \*P\<0.05 and \*\*P\<0.01, compared with the control group; ^\#^P\<0.05, compared with the DU group. DU, detrusor underactivity; SCF, stem cell factor.](MMR-16-02-1516-g00){#f1-mmr-16-02-1516}

![SCF levels in rat plasma samples of different treatment groups. Plasma levels of SCF were determined using an enzyme-linked immunosorbent assay (n=8). \*P\<0.05 and \*\*P\<0.01, compared with the control group; ^\#^P\<0.05, compared with the DU group. DU, detrusor underactivity; SCF, stem cell factor.](MMR-16-02-1516-g01){#f2-mmr-16-02-1516}

![ICC counts in rat detrusor samples. Nuclei are stained blue and ICCs are stained green. Intermuscle bundles in the (A) control group, (B) control+SCF group, (C) DU group and (D) DU+SCF group. Submucosa layers in the (E) control group, (F) control+SCF group, (G) DU group and (H) DU+SCF group. (I) Quantitation of A-H (n=8) \*P\<0.05 and \*\*P\<0.01, compared with the control group; ^\#^P\<0.05, compared with the DU group. DU, detrusor underactivity; SCF, stem cell factor.](MMR-16-02-1516-g02){#f3-mmr-16-02-1516}

![mRNA levels of SCF and c-kit in rat detrusor specimens. Gene expression levels were determined using reverse transcription-quantitative polymerase chain reaction analysis, with the housekeeping gene GAPDH as an internal control (n=8). \*P\<0.05 and \*\*P\<0.05, compared with the control group; ^\#^P\<0.05, compared with the DU group. DU, detrusor underactivity; SCF, stem cell factor.](MMR-16-02-1516-g03){#f4-mmr-16-02-1516}

![Protein levels of SCF and c-kit. Protein levels were assessed using western blot analysis. Western blot membranes showing expression of (A) SCF and (B) c-kit in rat detrusor samples. (C) Relative protein expression levels of SCF and c-kit, quantified from the blots (n=8). \*P\<0.05 and \*\*P\<0.01, compared with the control group; ^\#^P\<0.05, compared with the DU group. DU, detrusor underactivity, SCF, stem cell factor.](MMR-16-02-1516-g04){#f5-mmr-16-02-1516}

![Assessment of detrusor contractility using a muscle strip experiment. (A) Contractility curve of rat detrusor in the control, control+SCF, DU, and DU+SCF groups. (B) Amplitude of muscle strip contraction. (C) Frequency of muscle strip contraction (n=8). \*P\<0.05 and \*\*P\<0.01, compared with the control group; ^\#^P\<0.05, compared with the DU group. DU, detrusor underactivity; SCF, stem cell factor.](MMR-16-02-1516-g05){#f6-mmr-16-02-1516}
